Terahertz (THz) wave has a unique character that other range waves do not have, and its application is widely studied. Technology relating THz wave, such as generation, detection and application, remarkably develops in recent. Many studies about application of THz wave to food analysis have been performed. This review explains the basics of THz wave as well as application of THz wave to food analysis. Moreover, statistical method in treatment of THz spectrum is reported.
Introduction
Terahertz (THz) waves are electromagnetic waves ranging from 0.3 to 10 THz (wavelength from 1 mm to 30 μm), as shown in Fig. 1 . THz waves are unique, having properties of both electrical and optical waves. Various applications of THz waves have been reported in many fields, including medical diagnosis, pharmaceutical analysis and security enhancement (Nagel et al., 2003; Woodward et al., 2003; Yamamoto et al., 2004a Yamamoto et al., , 2004b Kawase et al., 2003; Hineno et al., 1974; Taday et al., 2003; Walther et al., 2002) . Absorption spectra in the THz range provide rich information for both intermolecular and intramoleculer interactions, including inter-ring interactions of disaccharides (Hineno et al., 1974) . Absorption spectra in the THz range are very sensitive to differences in crystal structure (Walther et al., 2000) , and have been applied to the study of drug polymorphs (Taday et al., 2003) .
THz time domain spectroscopy (THz-TDS) is the most common THz spectroscopy method. THz pulses are mainly generated using femtosecond laser pulses, coherent transition radiation or free electron laser (FEL). The THz pulses generated by femtosecond laser pulses are useful for measuring the optical properties in wave number (frequency) ranges below 100 cm -1 (3 THz), and give a better signal-to-noise ratio than the far infrared. Fourier transform (FIR FT-IR) spectroscopy. (Grischkowsky et al., 1990) THz spectra are sensitive to the assembly state of molecules, which is considered to vary between optical isomers. Because of such characteristics of THz spectra, they could used to distinguish between the optical isomers. lock-in amplifier and its time-domain signal was obtained by scanning the optical delay of the probe pulse. By Fourier transformation of the time-domain signal, the amplitude spectra were obtained. To reduce the absorption due to water vapor in the ambient air, the THz beam path was filled with dry air. A representative optical system using femtosecond lasers, as mentioned above, is illustrated in Fig. 2 . Optical system using coherent THz waves Coherent THz waves generated by a coherent transition radiation process are a useful THz wave source. Coherent transition radiation is generated by an accelerator, such as a linear accelerator (LINAC) or synchrotron storage ring.
One example is as follows. In this example, L band LINAC is used. The generation system for transition radiation is shown in Fig. 3 . The electron beam passes through the aluminum foil, and the backward transition radiation is emitted. As the millimeter-wave region aluminum was regarded as a perfect conductor (Ehreneich et al., 1963) , the intensity of backward radiation is equal to that of the forward radiation. Coherent THz waves can also be generated by FEL, a recently developed light source.
Radiation was detected using a composite-type liquid helium-cooled silicon bolometer (Infrared Laboratories Inc.) after a Martin-Puplett type interferometer and sample. The signal was amplified by a lock-in amplifier and its timedomain signal was obtained. By Fourier transformation of the time-domain signal, the amplitude spectra were obtained.
THz Spectrum of Organic Compound
In THz region, low-frequency vibration or rotation mode of the molecules can be detected as absorption. In the case of crystals, density near the Fermi-edge is observed. Therefore, THz waves generated by coherent transition radiation or FEL have the same properties as those generated by femtosecond laser pulses. Coherent THz waves are stronger than those generated with femtosecond laser pulses. (Takahashi et al., 1998; Takahashi 2005; Awano and Takahashi 2008) , and have attracted attention in the recent development of FEL.
In this review, the basics of THz waves and their application will be reported, and the application of THz waves in food science is discussed.
Generation and Detection of THz Waves
Optical systems using THz waves generated by femtosecond laser pulse Generally, THz waves are generated by irradiation of semiconductor with femtosecond laser pulses. One example is shown in follows. A mode-locked Ti:sapphire laser, with a repetition rate at 82 MHz, a pulse with around 100 fs and its center wavelength around 800 nm, was used as the pump source. The emitter and detector were a dipole-type photoconductive antenna on a low-temperature grown GaAs (LT-GaAs) substrate. The antennas were excited and triggered by laser pulses with an average power of 10 mW. The bias voltage applied to the emitter photoconductive antenna was 20 V p-p modulated at 53 kHz. The THz radiation from the emitter was collected and focused onto the sample using a parabolic mirror. The THz radiation transmitted through the sample was collected and focused with another parabolic mirror onto the photoconductive antenna (Hangy et al., 2002) . Hyper-spherical Si substrate lenses were used for both the emitter and detector antennas to reduce the total reflection in the GaAs substrates (Tani et al., 1997) and increase the beam collection efficiency. The photoconductive current signal was detected with a Medicine and food are also active fields in which application of THz spectroscopy has been studied (Yamamoto et al. 2008) .
Application of THz-TDS in Drug Evaluation
The recently developed femtosecond laser allows conventional use of THz-TDS in various fields. In security, THz-TDS is able to detect drugs hidden in an envelope (Shibutani et al., 2005) . This application demonstrates the usefulness of THz waves. THz-TDS has also been applied to drug management (Kawase, 2003) .
Evaluation methods for drug safety are available are also applied to food. As noted in the Introduction, the THz spectrum is sensitive to the assembly state of molecules. This property is very useful for evaluating drug safety. Two typical examples are explained as follows.
The first is distinguishing original and generic medicines. Modasin, Mosyl and Mobenzocin, of which the active component is ceftazidime (Fig. 5) , have been measured by THz-TDS (Kawase et al., 2009) . Figure 6 (A) shows the absorption spectra of Modacin, Mosyl and Mobenzocin. Modacin is the original medicine, while Mosyl and Mobenzocin are generic medicines. As shown in Fig. 6 (B) , THz-TDS spectra differ between the original and generic medicines. The obtained results suggest that the THz-TDS method can effectively distinguish between original and generic medicines. Another is the example distinguishing between medicines before and after their expiration dates (Kawase et al., 2011) . In such a study, it is necessary to measure the THz-TDS spectrum of the sample without destruction. In non-destructive measurement, the THz beam targets each sample at a 90 degrees angle of incidence, as shown in Fig. 6 (B) , using an automatic sample folder, the Aispec model "mTR 100", with a 5 mm aperture diameter, as shown in Fig. 6 (A) .
The obtained XRD pattern suggests that the polymorph of the effective compounds in Basen OD R (0.2 mg) remains the THz spectrum gives useful information on molecular or crystal structure, and this is different from the information obtained on mid-or near-infrared spectroscopy (Nshizawa, 2005) .
In particular, THz-TDS spectroscopy gives the information about the dielectric properties of molecules or crystals (Nishizawa, 2005) .
Recently, THz absorption measurement has been performed in many laboratories to obtain unique information by THz spectroscopy (Onishi et al., 2012) .
In Figure 4 , the THz-TDS spectrum for lactose is shown. The spectrum is very simple. Such simplicity is a powerful tool for recognition, identification and quantification. Application of such properties of THz waves has thus attracted attention in various fields. Old travenous feeding agents would be possible, and the usefulness of THz-TDS would increase in food science.
THz in Food Science

Application of THz-TDS in Food Science
Many applications of THz-TDS in food science are reported as shown in Fig. 9 . (Nishizawa, 2005; Gowen et al., 2012) . Quality control of food is a particularly important application for which THz waves have been used.
Water is closely related to food quality. As shown in Fig.  10 , THz waves are sensitive to water and their transmission is scarcely affected by microstructures in the target because of long wavelength. Therefore, the state of water in food or other materials can be observed clearly using THz waves. By unchanged after the respective expiration dates, as compared to those before the expiration date (Fig. 7 (A) ). In Fig. 7 (B) , the solid line indicates the new medicine, and the dashed line indicates the old medicine. Differences in THz absorption spectra before and after expiration dates were observed. THz-TDS can sensitively detect changes in medicine over time. The same phenomenon was found in Amlodin OD R (5 mg) and Gaster D R (10 mg).
THz-TDS has not been measured in a liquid sample to date. Recently, improvements in measurement methods have indicated the possibility of measuring liquid samples . If spectra for liquid samples can be obtained by THz-TDS, evaluation of injection and in- (Warren et al., 1984) .
the THz imaging method, it is clear that water in the leaf decreases over time (Fig. 11) . The internal structure of shrimp can be also observed clearly (Fig. 12) .
Food safety is also an important application for THz waves. DNA, protein and polysaccharides have the absorption bands in the THz range (Park, 2012) . THz waves can also selectively detect these materials. Therefore, THz waves can test for microbes, viruses and toxins, including prion, in food. As food is a heterogeneous material, imaging methods are employed for evaluation of food. An example of the selective imaging of chemicals is shown in Fig. 13 (Miyakoshi and Kato, 2012) , resulting in clearer images and improved quality for evaluation. As mentioned above, THz waves have unique characteristics not seen in any other frequency range. Studies using such characteristics are underway and it is hoped that THz waves will contribute to the development of food science. 
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Quantification in THz Spectroscopy
In general, THz-TDS absorption spectra of chemicals are very complex and often have very complex base lines. Therefore, a simple linear regression analysis using single peak intensity cannot precisely quantify the amount of chemicals. Therefore, improvements in quantitation have been attempted by multiple regression using some data points.
One example of quantification is shown for analysis of tartaric acid by THz-TDS (Nishokiori et al., 2008) . Figure 14 shows the spectra of the absorption coefficient for L-, d-and dL-tartaric acid. The data points for quantification are indicated by arrows in Fig. 15 . Multiple linear regression (MLR), partial least squares (PLS) (Hasegawa et al., 2000) , and quadratic PLS (QPLS) (Hasegawa, et al., 1996) are employed for regression analysis. QPLS is a nonlinear regression method. The obtained decision coefficients were listed in Table 1 . These three methods gave a better decision coefficient. It has also been found that PLS and QPLS are better than MLR for quantitative analysis based on the THz-TDS absorption spectra.
In imaging, statistical methods are useful. Recently, Bayesian statistics have been applied to imaging methods Multiple linear regression (MLR), partial least squares (PLS), and quadratic PLS (QPLS) were employed for regression analysis. QPLS is a nonlinear regression method. (From Nishikiori et al., 2008) 
